ABSTRACT The gating kinetics of batrachotoxin-modified Na+ channels were studied in outside-out patches of 
INTRODUCTION
Batrachotoxin (BTX), a toxin produced by the Colombian frogs of the genera Phyllobates, in particular P. aurotaenia (Daly et al., 1965; Daly et al., 1987) , is able to induce profound changes in the behavior of nerve and muscle Na+ channels . Batrachotoxin shifts the voltage activation curve towards hyperpolarized voltages by 50 mV (Albuquerque et al., 1971 (Albuquerque et al., , 1973 Khodorov and Revenko, 1979; Huang et al., 1979 Huang et al., , 1982 French et al., 1986a,b) , suppresses fast and slow inactivation (Khodorov and Revenko, 1979; Huang et al., 1982; French et al., 1986a,b; Tanguy and Yeh, 1988 ; but see also, Huang et al., 1987) , and increases the duration of Na+ channel open events by more than one order of magnitude (Quandt and Narahashi, 1982) . Moreover, BTX decreases channel conductance by 50% and modifies ion selectivity (Quandt and Narahashi, 1982; Correa et al., 1991; Huang et al., 1982; Hille, 1984; Khodorov, 1985) .
Despite the fact that ion permeation through the BTX-modified channel has received much attention (Moczydlowski et al., 1984; French et al., 1986a; Green et al., 1987; Garber, 1988; Behrens et al., 1989; detailed reports on channel gating kinetics are scarce. In this regard, the studies done both in neuroblastoma cells (Huang et al., 1984) and in lipid bilayers 1332 (Keller et al., 1986; French et al., 1986b; Behrens et al., 1989; Keller et al., 1990) agree in that gating kinetic models for the BTX-modified channel contain several closed states and one open state with no correlation in the durations of successive opening and closing events. The observation that only one open state can be discerned for the BTX-modified channel is puzzling because it would imply that BTX is stabilizing the open state already present in the absence of the toxin besides removing the fast and slow inactivation processes. A second possibility is that BTX is actually "creating" a new long lived open state and that normal openings of the channel have not been observed in previous studies because they were beyond the time resolution of the current measuring systems. In this regard, it is important to point out here that a different kinetic model for the squid axon BTX-modified channel was proposed by Tanguy and Yeh (1988) on the basis of their gating current measurements. Batrachotoxin, in contrast to other agents able to remove fast inactivation (e.g., pronase ; Armstrong et al., 1973; Rojas and Rudy, 1976) , removes Na+ channel inactivation without suppressing charge immobilization. This led Tanguy and Yeh (1988) Tanguy and Yeh (1988) for the BTX-modified channel, two open states are expected. It is clear that kinetic models, like those proposed for the BTX-modified Na+ channel in neuroblastoma cells (Huang et al., 1984) and from different membrane sources incorporated into planar bilayers (Keller et al., 1986 (Keller et al., , 1990 French et al., 1986b; Behrens et al., 1989) used to account for the single-channel data, can not predict that charge immobilization be left intact by BTX as is the case in the squid Na+ channel.
In this report, we study the gating kinetics of single squid axon BTX-modified Na+ channels at different voltages and temperatures using the cut-open axon technique (Llano et al., 1988; Bezanilla and Vandenberg, 1990 ). The advantage of using this preparation to perform this kind of studies is twofold. First, it allows improvement in the time resolution compared with that possible when using planar lipid bilayers. In the latter case, the large capacitance severely limits the frequency of channel gating that can be monitored. Second, the changes induced by BTX in the kinetics of the macroscopic and gating currents of the squid sodium channel have been well characterized Yeh, 1988, 1991) . Since kinetic models extracted from single channel recordings must be consistent with the macroscopic data, the number of plausible models is immediately restricted.
Our study shows that the squid axon BTX-modified Na+ channel has several closed and at least three open states. Adjacent interval and maximum likelihood analyses (McManus et al., 1985; Blatz and Magleby, 1989; Horn and Lange, 1983; Horn and Vandenberg, 1984) allowed us to reject several of the possible models, to perform a statistical comparison of models, and to estimate the rate constants of the transitions among states. We (Correa and Bezanilla, 1988; Correa et al., 1989) .
MATERIALS AND METHODS

Squid axon preparation
The giant axon of the squid Loligo pealei was used for these experiments. The procedure to patch clamp the cut-open axon has been described in detail previously (Bezanilla, 1987; Bezanilla and Vandenberg, 1990; Llano et al., 1988 MgCl2, 10 CaCl2, 10 Hepes-Na, pH 7.6. After 2 to 5 min the axonal sheet was perfused with ASW in order to wash out as much of the axoplasm as possible. All the experiments reported here were done using the excised outside-out configuration of the patch clamp technique (Hamill et al., 1981) . This configuration was achieved by moving the patch pipette close to the internal surface of the membrane, applying slight suction, and then withdrawing the pipette from the axonal sheet. The external solution was 540 NaCl and 10
Hepes-Na, pH 7.6. The pipette solution was either "530 Na", which contained 500 Na-glutamate, 10 NaCl, 20 NaF, 10 Hepes-Na, pH 7.3, "50 Na", which contained 125 Cs-glutamate, 20 CsF, 40 Na-glutamate, 10 NaCl, 5 Cs-EGTA, 10 Hepes-Cs, 470 sucrose, pH 7.3, or "514 Na", which was "530 Na" diluted 4%. The Correa et al. (1991) , also Tanguy and Yeh (1991) . In addition, channels can be modified more rapidly by transiently raising the temperature of the bath to 15°C. As found by Correa et al. (1991) , despite the fact that patches usually contained several unmodified Na+ channels, it was common to find only one modified by BTX. Only patches containing a single BTX-modified Na+ channel were used in this study.
Data acquisition and analysis
The methodology for pulse generation and data acquisition has been described in detail by Llano et al. (1988) . Single-channel currents were stored on a digital tape (Bezanilla, 1985) for subsequent transfer to a digital computer for analysis. Before analysis all records were filtered with a bandwidth of 600 to 1,200 Hz by an eight-pole Bessel filter and were digitized at 50-p.s sample intervals. Since in most patches unmodified channels coexisted with BTX-modified Na+ channels (Colquhoun and Sigworth, 1983) . The durations of the open and closed states were corrected for filtering and dead time as described by Colquhoun and Sigworth (1983) . Open and closed dwell time histograms, as logarithmicbinned data (Sigworth and Sine, 1987) , were fitted by a sum of exponential probability density functions using maximum likelihood. Adjacent interval analysis. The relationship between the durations of adjacent closed and open intervals was obtained using the method described by McManus et al. (1985) and by Blatz and Magleby (1989 Maximum likelihood estimation of rate constants. The rate constants of a particular kinetic model for the BTX-modified Na+ channel were fitted using the maximum likelihood procedure as described by Horn and Lange (1983) and Horn and Vandenberg (1984) . The computer program used in this analysis was kindly provided by Dr. Richard Horn (Roche Institute, Nutley, NJ) and included dead time correction following the method of Roux and Sauve (1985) . Parameters were estimated and likelihood surface searched to obtain the maximum log (likelihood) using a variable metric method algorithm kindly provided by Dr. Kenneth Lange (University of California at Los Angeles). Standard errors were obtained from the covariance matrix which is obtained during the estimation of the rate constants. Six sets of single-channel data obtained at 0°C were idealized with the 50% threshold method. The data sets were obtained at -90, -80, -70, -65, -60, and -50 mV. Models examined were linear, branched, or cyclic Markovian kinetic models. In the case of cyclic models, the nonindependent rate constants were determined using the principle of detailed balance, which demands that the product of the rate constants around a cycle in the clockwise direction must be equal to the product of the rate constants in the opposite direction. Models with five states and up to nine independent rate constants were used in model testing. The estimation of all eight parameters for -6,000 transitions using dead time correction required about 2 h of computer time using an i-860-based microprocessor (Microway Inc., Kingston, MA VOLTAGE (mV) e-fold per 5.5 mV. This voltage dependence is very similar to that of the unmodified channel in the same preparation (Hodgkin and Huxley, 1952; Stimers et al., 1985) . As found in other excitable cells (Huang et al., 1982) , BTX shifted the voltage activation curve by 60 mV in the hyperpolarizing direction (see also Yeh, 1988, 1991) . 
RESULTS
Equilibrium behavior at different temperatures
are in reasonable agreement with the same parameters obtained for the BTX-modified Na+ channel from squid optic nerve incorporated into planar bilayers (z = 3.7 electronic charges per channel, VO = -89 mV; Behrens et al., 1989) . The Boltzmann parameters for the squid axon BTX-modified sodium channel also agreed with those reported for BTX-modified Na+ channels from other tissues (e.g., French et al., 1986; Recio-Pinto et al., 1987) .
For a given temperature, the midpoint values were Stability of the PO vs. V curves was checked by returning to 3.9 and 3.7°C at the middle and at the end of the runs (Fig. 3A) . Table 1 shows that the effective gating charge, z, was not significantly altered by temperature. BTX-modified Squid Na+ Channel Kinetics (P. = 1/2, Eq. 2), kb/kf = 1, hence, from Eq. (5) VO(T) = (AH -TAS)IzF. (7) notice that if the probability curve is displaced to the right for a temperature increase, it implies a negative entropic change during channel opening.
In Fig. 3 -20 ments give the kinetic parameters of a two-state channel or the mean times of a multistate channel. As will be discussed below, a two-state channel is only a simplified description of the kinetics of the BTX-modified channel, but it gives a simple empirical way to describe the effects of temperature on channel kinetics. Searching for a kinetic model: gating kinetics at 0°C
In order to obtain the most economical kinetic model able to explain the characteristics of the BTX-modified FIGURE 4 Sample of open and closed dwell time histograms and fitted probability density functions. (Fig. 4, thick solid lines) . At all the voltages studied, open dwell times were well described by two clearly distinguishable kinetic components (e.g., Fig. 4A , thin lines). However, at voltages more negative than -60 mV (e.g., histograms shown in Figs. 4 and 9) a quite slow kinetic process was revealed, but accounted only for a small fraction of the total number of openings (Fig. 5 C) (Fig. 5 C) . For all voltages studied, the closed dwell time histograms are well fitted by the sum of three exponentials (Fig. 4) , suggesting the presence of at least three closed states. It is clear from Fig. 4 Fig. 5 B) . Fig. 5 In order to find the most appropriate kinetic model that should enable us to calculate the different rate constants as a function of voltage and temperature, we used a maximum likelihood search of parameters for given kinetic models (see Methods) of the single channel data (Horn and Lange, 1983; Horn and Vandenberg, 1984) . The models that were examined with the single channel data obtained at 0°C are shown in Table 2 , along with the AIC ranking and the log[likelihood] relative to the largest value obtained. As all this analysis was done with dead time correction, convergence for all voltages was confirmed for only two of the models tested (see Methods), therefore the AIC ranking may be correct only to the extent to which the likelihoods approached their maxima.
To achieve convergence in the parameter search, in some cases (models 3 and 7), we constrained some of the however, has to be taken with caution. In the particular rates in the sequence to be equal (models 1 and 4). This case of model 6, for instance, the expected result is a procedure succeeded for models 1 and 4 but still failed larger likelihood than that of model 1 because the latter when, in an attempt to make it more general, model 1 is a particular case of the former. Since model 6 had no was circularized (model 6). Model 2 had the highest sureconvergence, itslikelihoodwasfound tobe smaller. likelihood but it ranked lower in the AIC ranking For the same likelihood value, however, model 6 would because it contains more parameters; also, the fitting have ranked lower than model 1 because it has one more made rate e go to its upper bound (50,000 s-1), indicat-parameter. Taking all these aspects in consideration, ing that there should be an equilibrium between the two model 1 was chosen as the preferred model for further last closed states and making model 2 similar to model 1. analysis. The rate constants obtained from it were used In addition, model 2 had a nonmonotonic voltage to generate simulated 100,000 transitions which in turn dependence of the rate constants. closed intervals corroborating the independent finding obtained using adjacent interval analysis of the experimental data as shown in Fig. 6 (filled symbols).
Effect of temperature on channel kinetics
Distributions of open and closed dwell times at several temperatures are shown in Fig. 9 . At low temperature the best fit to the open and the closed durations required at least three exponential functions (see also Fig. 4 ). In the case of the open dwell times, at 0°C, the slowest component comprised less than 6% of the total number of transitions at all voltages studied, except -90 mV (24%) (see Fig. 5 C) . Although the proportion of transitions involved in the slow component increased with temperature (see panels A, C, and E, Fig. 9 ) it was still less than 5% of the total. On the other hand, as shown in Fig. 9 (Fig. 10A) . A similar analysis cannot be readily done with the closed times because there is no 'main' component; instead, the proportion of the individual components changed with voltage and temperature (see Figs. 4 and 9) . A more detailed analysis on the individual transition rates fitted to model 1 at different temperatures will be presented below. kcal/mol calculated from the slope of the line. Accordingly, the enthalpic change (AH = Ea -RT) was found to be 23.6 kcal/mol, which is equivalent to a Qio of 4.65 in the temperature range studied (0-14'C). There was no effect of potential on the temperature dependence of Toi or of Tos over a range in which the time constants varied by a factor of over an order of magnitude (data not shown).
The effects of temperature on the rates of model 1
We have used the maximum likelihood estimation of the parameters of model 1 at several temperatures to determine the effect of temperature on the individual rates.
Since the second open state is rarely populated at 140C, the data at this temperature was fitted to a simplified model that contained only one open state (Of). At 3 and 80C both 01 and 02 were considered. The results of the fitting are shown in Fig. 11 A (symbols) . It is apparent that rates a, b, e, and g obey a clear trend with temperature. On the other hand, rates f and h do not follow any trend with temperature which may be the result of a poor estimation of the parameters. This may be expected because these rates are in the path to the second open state which is not populated very frequently at high temperatures. Rates a, b, e, and g were fitted to exponential functions of voltage assuming that the temperature did not affect the apparent gating charge figure. involved in the transition (see Methods). These fits are represented by the straight lines in Fig. 11 A. From the slope of these fits it was possible to determine the product of the valence times the fraction of the field of each transition for both the forward and backward rates (see Eqs. 3 and 4). Table 3 and the resulting profile of the energy diagram connecting the kinetic states of the channel is shown in Fig. 11 B. (Huang et al., 1984) and in channels from several sources studied in planar lipid bilayers (French et al., 1986b; Behrens et al., 1989; Keller et al., 1986 Keller et al., , 1990 . In all previous studies, although several (Keller et al., 1986 (Keller et al., , 1990 rates. An increase in temperature seems to favor the closed states over the open configuration, and this agrees with the notion that the open states are more ordered than the closed states.
The fitting of the temperature data to model 1 gave more insight on the energy barriers involved in the changes of channel configuration (see Fig. 11 B) . The transitions between closed states involve about half of the total gating charge (see Table 3 ). The other half is moved in the transition between the last closed state and the principal open state, but most of the voltage dependence occurs in the return from the open to the closed state. The energy changes involved in the transitions between closed states are mainly enthalpic with some entropy contribution in evolving from state C1 to C3 (see Table 3 ). The activation energy of the transition between C3 and 01 is purely entropic with a small negative enthalpic change (which could be zero because the standard error of the fitted value is as large as the value). On the other hand, the activation energy of the reverse reaction has a large enthalpic and positive entropic components. These values suggest that the evolution of the channel from the most closed state to the open state involves first a series of normal chemical reactions which could be the breaking and making of salt bridges and/or hydrogen bonds. In the last stage, when the channel has to overcome the energy barrier between the last closed state and the open state, the main process seems to be a reorganization of the molecule that decreases the degrees of freedom of the involved channel components rendering the system more ordered.
Mode of action of batrachotoxin
During a maintained membrane depolarization unmodified Na+ channels inactivate. Bezanilla and Armstrong (1974) found that if the inactivation process is let to proceed normally, the gating charge recovered in the "off" of the voltage step is less than the gating charge mobilized during the "on" of the pulse. In this case the charge is said to be immobilized. In the ball-and-chain model (Armstrong and Bezanilla, 1977) , the ball (inactivation particle) interacts with a receptor contained in the inner mouth of the channel hindering the passage of Na+ completely. In this model charge immobilization is presumably a consequence of electrostatic interactions between the inactivation particle bound to the channel mouth and the activation particles making more difficult the return of the latter to their original state. Charge immobilization has been observed in many other voltagedependent Na+ channels (Rudy, 1976; Nonner, 1980; Starkus et al., 1981; Campbell, 1983; Conti and Stuhmer, 1989) .
Fast inactivation and charge immobilization are removed by agents such as pronase (Armstrong et al., 1973) and chloramine-T (Tanguy and Yeh, 1988) . These results have been usually interpreted as a complete removal of the inactivation particle. On the other hand, BTX eliminates fast inactivation, but leaves charge immobilization intact (Tanguy and Yeh, 1988) . This is an important observation because it suggests that BTX might be interacting with the receptor for the inactivation particle still causing charge immobilization but without blocking or perhaps partially occluding the channel. ' There is at present good evidence that unmodified Na+ channels contain only one open state in the negative potential region (Horn and Vandenberg, 1984; Patlak and Ortiz, 1986; Scanley et al., 1990; Vandenberg and Bezanilla, 1991 ; but see Nagy, 1987) . Moreover, an important piece of information that comes from singlechannel recordings is that Na+ channels can inactivate before opening (Aldrich et al., 1983; Horn and Vandenberg, 1984; Scanley et al., 1990) . Summing to the information from single channel studies, the information provided by gating and macroscopic current measurements, the most parsimonious kinetic model for the unmodified Na+ channel which emerges (Vandenberg and Bezanilla, 1991) 
